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The heat shock response is an evolutionally conserved adaptive response to high temperatures that controls proteostasis capacity
and is regulated mainly by an ancient heat shock factor (HSF). However, the regulation of target genes by the stress-inducible
HSF1 transcription complex has not yet been examined in detail in mammalian cells. In the present study, we demonstrated that
HSF1 interacted with members of the ATF1/CREB family involved in metabolic homeostasis and recruited them on theHSP70
promoter in response to heat shock. The HSF1 transcription complex, including the chromatin-remodeling factor BRG1 and
lysine acetyltransferases p300 and CREB-binding protein (CBP), was formed in a manner that was dependent on the phosphory-
lation of ATF1. ATF1-BRG1 promoted the establishment of an active chromatin state andHSP70 expression during heat shock,
whereas ATF1-p300/CBP accelerated the shutdown of HSF1 DNA-binding activity during recovery from acute stress, possibly
through the acetylation of HSF1. Furthermore, ATF1markedly affected the resistance to heat shock. These results revealed the
unanticipated complexity of the primitive heat shock response mechanism, which is connected to metabolic adaptation.
All living cells maintain a balance among the synthesis, folding,and clearance of individual proteins in order to maintain the
proper conformations and physiological concentrations of pro-
teins, and this is referred to as protein homeostasis or proteostasis
(1). To survive temperature elevations, which cause protein un-
folding and misfolding, cells induce the expression of a small
number of highly conserved heat shock proteins (HSPs or chap-
erones) and hundreds of non-HSP proteins involved in diverse
functions, including protein degradation (2, 3). Thus, this univer-
sal adaptive response, which is known as the heat shock response,
controls the proteostasis capacity or buffering capacity against
protein misfolding in a cell (4) and is regulated mainly at the level
of transcription by the ancient transcription factor 32 in Esche-
richia coli (5) or heat shock factor (HSF) in eukaryotes (6, 7).
In contrast to the E. coli genome, which is compressed into a
small space through supercoiling (8), eukaryotic genomes
are packaged into nucleosomes, which are composed of DNA
wrapped around the histone octamer and occlude DNA from in-
teracting with most DNA-binding proteins (9). To induce tran-
scription during heat shock,HSF binds to regulatory elements and
recruits coactivators, including chromatin-modifying enzymes
and nucleosome-remodeling complexes that move or displace
histones at the promoter and gene body (10). Metazoan HSF re-
mains mostly as an inactive monomer in unstressed cells and is
converted to an active trimer that binds to the heat shock response
element (HSE) during heat shock (11). In Drosophila, the GAGA
factor restricts the nucleosome occupancy of the HSP70 pro-
moter, thereby allowing the establishment of paused RNA poly-
merase II (Pol II) in unstressed cells (12). In response to heat
shock, the increased levels of DNA-bound HSF recruit the elon-
gation factors, such as P-TEFb and Spt6, and histone-modifying
enzymes, such as CREB-binding protein (CBP) and Tip60, on the
HSP70 promoter, and this is accompanied by the activation and
spread of poly(ADP-ribose) polymerase (13, 14, 15). This activa-
tor-dependent recruitment of coactivators was previously shown
to be followed by the rapid loss of nucleosomes, release of stalled
Pol II, and induction of gene expression (12, 16).
HSF1 is a master regulator of HSP expression in mammals,
whereas all HSF family members (HSF1 to -4) are involved in the
regulation of proteostasis capacity through HSP and non-HSP
pathways (17, 18). Even under normal physiological conditions, a
small amount of the HSF1 trimer binds to nucleosomal DNA in
complex with replication protein A and a histone chaperone and
regulates basal gene expression and proteostasis capacity (19).
Therefore, a deficiency in HSF1 reduces proteostasis capacity in
mammalian cells and accelerates progression in mouse models of
protein misfolding diseases (20), such as that of worm HSF1 (4).
Although HSF1 has been shown to robustly recruit the SWI/SNF
chromatin-remodeling complex including BRG1 and the lysine
acetyltransferase p300 on theHSP70 promoter during heat shock
(21, 22), components of the stress-inducible HSF1 transcription
complex or the regulation of this complex formation have yet to
be examined in detail in mammalian cells.
To elucidate the HSF1 transcription complex more clearly, we
previously identifiedmany proteins interactingwith humanHSF1
(hHSF1) and suggested that hHSF1 may interact with the ATF1/
CREB family members (ATF1, CREB, and CREM) (19) involved
in homeostasis and metabolic adaptation (23). In the present
study, we demonstrated that all ATF1/CREB familymembers play
roles in the induction ofHSP70 expression during heat shock or its
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shutdown during recovery in mammalian cells. We examined the
HSF1-ATF1 complex in detail and revealed that ATF1 regulates
the stress-inducibleHSF1 transcription complex including the co-
activators BRG1 and p300/CBP in a manner that is dependent on
the phosphorylation of ATF1. These components in the complex
act differently on the chromatin structure and HSF1 DNA-bind-
ing activity. Furthermore, formation of the HSF1-ATF1 complex
markedly influences resistance to heat shock.
MATERIALS AND METHODS
Plasmids. Adenovirus vectors expressing short hairpin RNAs (shRNAs)
against mouse HSF1, ATF1, CREB, CREM, BRG1, p300, and CBP were
generated as described previously (24), with the primers listed in Table S1
in the supplemental material. cDNAs for hemagglutinin (HA)-tagged
mouse ATF1, CREB, and CREM were created by reverse transcriptase
PCR (RT-PCR) with total RNA isolated from mouse embryo fibroblast
(MEF) cells and inserted into pcDNA4/HisMax A (Life Technologies,
Japan) at the EcoRI/XhoI (pcDNA4-HA-mATF1) and BamHI/EcoRI
(pcDNA4-HA-mCREB and pcDNA4-HA-mCREM) sites. To generate
the adenovirus expression vectors pAd-HA-mATF1, pAd-HA-mCREB,
and pAd-HA-mCREM, the KpnI/XhoI fragment of each expression plas-
mid was inserted into a pShuttle-CMV vector (Stratagene). The expres-
sion vectors for HA-mATF1 having deletion and point mutations were
generated by PCR with mutated internal primers as described previously
(24), and sequences were verified with a model 3500 genetic analyzer
(Applied Biosystems).
Cell cultures and RNA interference. Immortalized wild-type
(HSF1/; stock no. 10) andHSF1-null (/; stock no. 4)MEF cells (20)
were maintained at 37°C in 5% CO2 in Dulbecco’s modified Eagle’s me-
dium containing 10% fetal bovine serum. MEF cells (stock no. 10) main-
tained at 37°C were infected with an adenovirus expressing each shRNA
(1 108 PFU/ml) for 2 h and maintained with normal medium for 70 h.
FIG 1 ATF1 bound to the DNA-binding domain of HSF1. (A) Interaction between HSF1 and ATF1. Extracts were prepared from control MEF cells at 37°C
(lanesC), and cells were heat shocked at 42°C for 30min (lanesHS). Complexes coimmunoprecipitated (IP)with preimmune (P.I.) serumor antiserum forATF1
were immunoblotted (IB) with HSF1 or ATF1 antibody (top). Complexes coimmunoprecipitated with IgG or antibody to HSF1 were also blotted with ATF1 or
HSF1 antibody (bottom). (B) Schematic representation of the ATF1-interacting region (red bar) in hHSF1 (top). DBD,DNA-binding domain;HR, hydrophobic
heptad repeat; DHR, downstream of HR-C. An alignment of the amino acid (a.a.) sequences of N4 regions in the DBD of hHSFs is shown at the bottom.
Seventeen residues in hHSF1 were conserved in both hHSF2 and hHSF4 (dots). (C) HSF1-L25 mutants did not interact with ATF1. HSF1-null MEF cells were
infectedwith adenovirus expressingHA-mATF1, wild-type hHSF1, ormutant hHSF1 proteins. Complexes coimmunoprecipitatedwithHSF1 byHSF1 antibody
were immunoblotted with HA or HSF1 antibody. (D) DNA-binding activities of HSF1-L25 mutants. Wild-type (/) and HSF1-null (/) MEF cells were
infected with adenovirus expressing green fluorescent protein (GFP), wild-type hHSF1, or mutant hHSF1 proteins. Whole-cell extracts from cells under
unstressed conditions were prepared and subjected to EMSA (top), and Western blotting (bottom) was performed.
Takii et al.
12 mcb.asm.org January 2015 Volume 35 Number 1Molecular and Cellular Biology
 o
n










FIG 2 TheHSF1-ATF1 complex promotedHSP70 expression during heat shock. (A) Knockdown ofmouse ATF1, CREB, andCREM. ImmortalizedMEF cells (stock
no. 10)were infected for72hwithadenovirus expressing shRNAagainstmATF1(KD1,KD2),CREB(KD1,KD2), orCREM(KD1,KD2)or scrambledRNA(SCR).Cell
extracts were prepared in NP-40 lysis buffer, and aliquots (120g) were subjected toWestern immunoblotting (IB) with rabbit antibody to ATF1/CREB or CREM or
mouse antibody to-actin.Arrowheads indicate thepositionsof theproteins.The asterisk indicatesnonspecificbands. (B)KnockdownofATF1andCREMreduced the
mRNAexpressionofHSPsduringheat shock.MEFcells thatwere infectedwith the adenovirus asdescribed inpanelAwere treatedwithout (Control) orwithheat shock
at 42°C for 30 min. The mRNA levels of HSPs, including HSP110, HSP70, and HSP40, and those of -actin were determined by RT-PCR. (C) Expression ofHSP70
mRNA after the knockdown of ATF1/CREBmembers. ATF1, CREB, or CREMwas knocked down inMEF cells and heat shocked at 42°C for 30min (HS),MG132 for
3 h, AzC for 3 h, or As for 6 h. HSP70 mRNA levels were determined by RT-PCR and quantified. HSP70 mRNA levels relative to those in control Ad-sh-SCR-
infected cells are shown(n3). (D)OverexpressionofATF1orCREMrescued the expressionofHSP70mRNAduringheat shock inATF1-null cells.GFP,HA-mATF1,
HA-mCREB, orHA-mCREMwasoverexpressed in immortalizedATF1-nullMEFcells.HSP70mRNA levels duringheat shock at 42°C for 30min (HS)were quantified
byRT-qPCR.HSP70mRNAlevels relative to those in controlAd-GFP-infected cells are shown(top). Error bars show themean	SD(n3). Significance (P value)was
determined with an unpaired t test. Western blotting was performed with each specific antibody (bottom). Arrowheads indicate the positions of endogenous ATF1/
CREBmembers and ectopically expressedproteins. (E)ExpressionofHSP70mRNAduringheat shock in thepresence ofmutantHSF1proteins. EndogenousHSF1was
replacedwitheachmutanthHSF1proteinorGFP inMEFcells.HSP70mRNAlevelsduringheat shockat 42°C for the times indicatedwerequantifiedbyRT-qPCR(left).
HSP70mRNA levels are shown (n 3).Western blotting (right) was performed.
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Total RNA was extracted, and mRNA levels were estimated. Cell extracts
were simultaneously prepared in NP-40 lysis buffer, and the knockdown
of gene products was confirmed byWestern blotting (19) with antibodies
to HSF1 (anti-mHSF1j) (ABE1044; Merck Millipore), ATF1/CREB (sc-
186; Santa Cruz), CREM (sc-440; Santa Cruz), p300 (sc-585; Santa Cruz),
CBP (sc-369; SantaCruz), BRG1 (07-478;Millipore), and phosphorylated
ATF1-Ser63/CREB-Ser133 (no. 9198; Cell Signaling). To knock down the
expression of endogenous HSF1 and overexpress mutant HSF1 proteins
in MEF cells, the cells were infected with Ad-sh-mHSF1-KD2 (1  108
PFU/ml) for 2 h and maintained in normal medium for 22 h. They were
then infectedwith an adenovirus expressing amutant hHSF1 protein (1
107 to 5 107 PFU/ml) for 2 h and maintained with normal medium for
a further 46 h. The replacement of endogenous ATF1 with its mutant was
performed similarly.
Assessment of mRNA. Total RNAwas isolated from cells with TRIzol
(Invitrogen), and first-strand cDNA was synthesized with avian myelo-
blastosis virus RT and oligo(dT)20 according to the manufacturer’s in-
structions (Invitrogen). RT-PCR was performed, and the amplified DNA
was stained with ethidium bromide. Signals were estimated by using the
NIH Image program (25). Real-time quantitative PCR (qPCR) was per-
formed with StepOnePlus (Applied Biosystems) with the Power SYBR
green PCRmastermix (Applied Biosystems) as described previously (19).
The primers used for RT-qPCRs are listed in Table S2 in the supplemental
material. The relative quantities ofmRNAswere normalized against-ac-
tin mRNA levels. All reactions were performed in triplicate with samples
derived from three experiments.
Coimmunoprecipitation.MEF cells were lysed with NP-40 lysis buf-
fer containing 1.0% Nonidet P-40, 150 mM NaCl, 50 mM Tris-HCl (pH
8.0), 1 g/ml leupeptin, 1 g/ml pepstatin, and 1 mM phenylmethylsul-
fonyl fluoride. After centrifugation, the supernatant containing 10 mg of
proteins was incubated with 5 l of the rabbit polyclonal antibody to
ATF1 (anti-mATF1-1; see below) at 4°C for 16 h and mixed with 40 l of
proteinA-Sepharose beads (GEHealthcare) by rotation at 4°C for 1 h. The
complexeswerewashedfive timeswithNP-40 lysis buffer and subjected to
Western blotting with ratmonoclonal IgG forHSF1 (ab61382; Abcam) or
mouse monoclonal IgA for ATF1 (sc-243; Santa Cruz). Alternatively, the
cell extract was incubated with 5 g of rat monoclonal IgG for HSF1
(ab186359; Abcam) at 4°C for 16 h and mixed with 40 l of protein
G-Sepharose beads (GE Healthcare) by rotation at 4°C for 1 h. The com-
plexes were washed and then subjected toWestern blotting with the same
HSF1 antibody or rabbit polyclonal antibody to ATF1 (anti-mATF1-1).
To perform coimmunoprecipitation with recombinant proteins,
HEK293 cells transfected with an expression vector for HA-tagged wild-
type, deletion-containing, or point-mutated mATF1 or with an expres-
sion vector for HA-mCREB or HA-mCREM were lysed with NP-40 lysis
buffer. After centrifugation, the supernatant (500 l) was incubated with
2 l of the rabbit polyclonal antibody to HSF1 (
mHSF1j) (ABE1044;
Merck Millipore) or 2 g of the rat monoclonal antibody to HA (3F10;
Roche) at 4°C for 1 h and mixed with 20 l of protein A- or protein
G-Sepharose beads (GE Healthcare) by rotation at 4°C for 1 h. These
complexes were washed with NP-40 lysis buffer and then subjected to
Western blotting with the rabbit antibody to HSF1 (
mHSF1j) or mouse
IgG to HA. Alternatively, HSF1/ MEF cells were coinfected with ade-
novirus expressing wild-type or point-mutated hHSF1 and adenovirus
expressing HA-mATF1 (1 107 PFU/ml per virus) for 48 h. Cell extracts
were prepared in NP-40 lysis buffer and coimmunoprecipitation was per-
formed as described above.
ChIP assay. The chromatin immunoprecipitation (ChIP) assay was
performed with a kit according to the manufacturer’s instructions (EMD
Millipore). The antibodies used for ChIP assays of HSF1, ATF1/CREB,
phosphorylated ATF1-Ser63/CREB-Ser133, CREM, p300, and CBP are
described above in the section on RNA interference, and that used for
ChIP assay of BRG1 was anti-SNF2b/BRG1 (07-478; Millipore). To im-
munoprecipitate ATF1 specifically, we constructed the bacterial expres-
sion vector pET21a-mATF1-His by inserting an EcoRI/XhoI fragment of
pcDNA4-HA-mATF1 into the pET21a vector (Novagen) and generated
rabbit antiserum against recombinantmouse ATF1-His (anti-mATF1-1).
To examine active chromatin marks, we used antibodies to histone H3
(ab1791, lot no. GR135171-1; Abcam), H3K27Ac (ab4729, lot no.
GR124541-1), and H3K9Ac (07-352, lot no. 2325091; Millipore). Real-
time qPCR of ChIP-enriched DNAs was performed with primers de-
scribed previously (19) and those listed in Table S3 in the supplemental
material. The percentage of the input was determined by comparing the
cycle threshold value of each sample to a standard curve generated from a
five-point serial dilution of the genomic input and compensated by values
obtained with normal IgG. IgG-negative control immunoprecipitations
for all sites yielded0.05% of the input. All reactions were performed in
triplicate with samples derived from three experiments.
ChIP-seq data analysis. Sequenced reads obtained by performing
ChIP sequencing (ChIP-seq) (see Materials and Methods in the supple-
mental material) were mapped to the mouse genome (UCSC mm9) with
Bowtie (26) version 0.12.7, allowing threemismatches in the first 28 bases
per read (n3 option). We only considered uniquely mapped reads and
redundantly mapped reads (reads starting exactly at the same 5= sequence
ends) were filtered out for further analysis.Mapping statistics are summa-
rized in Table S4 in the supplemental material. For peak calling and data
visualization, we used DROMPA (27) version 1.4.1 with a default param-
eter set that identified the regions that satisfied the following criteria:
3.0-fold enrichment (ChIP/input), P  1  104, and a normalized
peak intensity of 6.0. To compare multiple ChIP-seq data, ChIP and
input reads were both normalized to the total number of mapped reads
per chromosome. MA plots (log ratios [M] versus mean averages [A])
were created by using the CI command of DROMPA version 2.2.5.
Statistical analysis.Data were analyzed with the Student t test or sub-
jected to analysis of variance (ANOVA). Error bars represent the standard
deviations (SD) of at least three independent experiments.
ChIP-seq accessionnumber.ChIP-seq data from this study have been
deposited in the Sequence Read Archive database (http://www.ncbi.nlm
.nih.gov/sra) under accession number SRP037746.
RESULTS
The HSF1-ATF1 complex promoted HSP70 expression during
heat shock. We examined the complex formation of HSF1 and
ATF1 and found that HSF1 was coprecipitated with ATF1 in both
control and heat-shocked MEF cell extracts to the same level,
while ATF1 was similarly coprecipitated with HSF1 (Fig. 1A).
HSF1mobility on SDS-PAGEwas retarded because of hyperphos-
FIG 3 TheHSF1-ATF1 complex recruited BRG1 and p300/CBP. (A) Schematic representation of themouseHSP70.3 locus. DNA regions amplified by real-time
PCR are shown as numbered gray boxes, and an amplified intergenic region (Inter.) is also shown. (B) HSF1-dependent recruitment of ATF1 to the HSP70
promoter.MEF cells infected with Ad-sh-mHSF1-KD2 or Ad-sh-SCRwere treated without (C) or with heat shock (HS) at 42°C for 30min. ChIP-qPCR analyses
were performed with ATF1/CREB antibody (n 3). (C) ATF1 was not required for the binding of HSF1 to theHSP70 promoter in vivo. Cells were infected with
Ad-sh-mATF1-KD2 or Ad-sh-SCR. ChIP-qPCR analyses were performed with HSF1 antibody. (D) ATF1 occupancy in the presence of mutant HSF1 proteins.
Cells in which endogenousHSF1 was replaced with eachmutant were left untreated (Cont.) or heat shocked at 42°C for 30min (HS). ChIP-qPCR analyses in the
dHSEwere performed (n 3). (E) ATF1 was required for the recruitment of coactivator complexes. Cells infected with adenovirus expressing each shRNAwere
heat shocked at 42°C for the times indicated. ChIP-qPCR analyses in the dHSE were performed with each antibody (n 3). Western immunoblotting (IB) was
performed. (F)Occupancy of BRG1 and p300 in the presence ofmutantHSF1 proteins. Cells were left untreated (Cont.) or heat shocked at 42°C for 30min (HS),
and ChIP-qPCR analyses were performed with each antibody as described for panel E.
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FIG 4 Complex formation depended on ATF1 phosphorylation. (A) Phosphorylation of ATF1-Ser63 was induced during heat shock. MEF cells were heat shocked at
42°C for 30min and allowed to recover at 37°C for the times indicated or treatedwith forskolin (20M). Cell extracts were subjected toWestern immunoblotting (IB)
withphospho-ATF1-Ser63/CREB-Ser133orATF1/CREBantibody.Arrowheads indicate thepositionsof theproteins, and the asterisk shows thepositionofnonspecific
bands. (B) Heat shockmarkedly induced the interaction between theHSF1-ATF1 complex and p300. Cells in which endogenous ATF1 was replaced withHA-mATF1
were left untreated (Cont.) or heat shocked (HS) at 42°C for 30min. GST pulldown frommixtures of purifiedGST orGST-hHSF1with the cell extracts was performed
and immunoblottedwith each antibody. (C)Occupancy of phosphorylatedATF1-Ser63. Cells were infectedwith each adenovirus expressing a specific shRNAandheat
shocked at 42°C for 30min. ChIP-qPCR analyses in the dHSE of theHSP70 promoterwere performedwith phospho-ATF1-Ser63/CREB-Ser133 antibody (n 3). (D)
Replacement of endogenous ATF1 with each mutant protein. Schematic representation of mutant mATF1 proteins. b, basic region; ZIP, leucine zipper. Endogenous
ATF1was replaced with eachHA-taggedmutantmATF1 protein, includingHA-KATF1 (R229L). Levels of wild-type andmutatedmATF1were examined byWestern
blotting. (E) Recruitment of ATF1 in theHSP70promoter depends on its phosphorylation at Ser36/41. After endogenousATF1was replacedwith eachmutant protein,
cells were left untreated (Cont.) or heat shocked (HS) at 42°C for 30min. ChIP-qPCR analyseswere performed on the dHSEof theHSP70promoter (n 3). (F) Effects
of ATF1 phosphorylation at Ser36/41 or Ser63 on the recruitment of BRG1 and p300 on theHSP70 promoter. After endogenous ATF1 was replaced with eachmutant
protein, cells were heat shocked and ChIP-qPCR analyses were performed.
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phorylation during heat shock. The DNA-binding domain of
HSF1, which was fused to glutathione S-transferase (GST) (GST-
hHSF1C3),was sufficient to pull downHA-mATF1 (see Fig. S1A
in the supplemental material), indicating that ATF1 bound to the
HSF1 DNA-binding domain. ATF1 binding was reduced when
the N4, N5, or N6 region in the HSF1 DNA-binding domain was
deleted, and the binding of hHSF1 lacking theN4 regionwasmore
impaired than the others. HA-mATF1 also interacted with hHSF2
and hHSF4 (data not shown). Therefore, we generated and ana-
lyzed 16 hHSF1 point mutants in which conserved amino acids in
FIG 5 Recruitment of BRG1 but not p300/CBP facilitated the establishment of an active chromatin state during heat shock. (A) Phosphorylation of ATF1-
Ser36/41 was required forHSP70 expression. Endogenous ATF1 was replaced with each mutant protein in MEF cells.HSP70mRNA levels during heat shock at
42°C for the times indicated were quantified by RT-qPCR. The level ofHSP70mRNA in control Ad-sh-SCR-infected cells was defined as 1, and relative levels are
shown (n  3). (B) Knockdown of BRG1 reduced the expression of HSP70 mRNA. Cells were infected with adenoviruses expressing p300 and CBP. HSP70
mRNA levels during heat shock were quantified by RT-qPCR as described for panel A (left). Cell extracts were prepared, andWestern immunoblotting (IB) was
performed with each antibody (right). (C) Changes observed in the chromatin structure of cells expressing eachmutant hHSF1 protein. Cells were infected with
Ad-sh-mHSF1-KD2 or Ad-sh-SCR as a control and then infected with adenovirus expressing each mutant hHSF1 protein or GFP. ChIP-qPCR analyses were
performed in the dHSE of the HSP70 promoter with H3 antibody, and the levels of active chromatin marks were analyzed and normalized to histone H3
occupancy. Error bars show themean	 SD (n 3). P values were calculated byANOVA. (D)Changes in the chromatin structure of cells expressing eachmutant
mATF1 protein. Cells were infected with Ad-sh-mATF1-KD2 or Ad-sh-SCR as a control and then infected with adenovirus expressing each mutant mATF1
protein or GFP. ChIP-qPCR analyses in the dHSE were performed as described for panel C.
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FIG 6 p300/CBP recruitment accelerated the shutdown of HSF1 DNA-binding activity during recovery. (A) Expression of HSP70 mRNA during recovery in
ATF1 knockdown cells. MEF cells that had been infected for 72 h with Ad-shmATF1-KD2 or Ad-sh-SCRwere heat shocked at 42°C for 30min and then allowed
to recover at 37°C for the times indicated. HSP70mRNA levels were quantified by RT-qPCR (n 3). The inset shows an enlarged view during heat shock. (B)
Expression ofHSP70mRNA during recovery in p300 or CBP knockdown cells. Cells infected with adenovirus expressing shRNA for p300 or CBP were treated,
and HSP70 mRNA levels were quantified as described for panel A. (C) Sustained in vitro DNA-binding activity of HSF1 during recovery in extracts of ATF1
knockdown cells. Cells treated as described for panel A were heat shocked at 42°C for 30 min and then allowed to recover at 37°C for the times indicated.
Whole-cell extracts were prepared and subjected to EMSA with a 32P-labeled ideal HSE oligonucleotide (top). Western immunoblotting (IB) was performed
Takii et al.
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the N4 region were replaced with alanine (Fig. 1B).We found that
hHSF1-L25A did not interact with HA-mATF1 but bound to
DNA at the same level as wild-type hHSF1 (see Fig. S1B and C).
Furthermore, we replaced the leucine at amino acid 25 with other
amino acids. hHSF1-L25A and hHSF1-L25G did not interact with
ATF1, whereas hHSF1-L25V did (Fig. 1C). All three mutant
hHSF1 proteins bound to DNA at similar levels in vitro (Fig. 1D).
This leucine at amino acid 25 was located in helix 1 of the winged
helix-turn-helix (HTH) DNA-binding domain of HSF1 and was
evolutionally conserved among all eukaryotic HSF family mem-
bers, except Caenorhabditis elegans (isoleucine) and Saccharomy-
ces cerevisiae (methionine) HSF (see Fig. S1D).
To examine the impact of the ATF1/CREB family members on
stress-inducible gene expression, we knocked them down in
MEFs. The adenovirus vector expressing shRNA for mATF1
(KD1, KD2), mCREB (KD1, KD2), or mCREM (KD1, KD2) effi-
ciently reduced each target gene product (Fig. 2A).We found that
ATF1 or CREM knockdown, but not CREB knockdown, reduced
the expression ofHSP110,HSP70, andHSP40mRNAsduring heat
shock (Fig. 2B). The knockdown of ATF1 or CREM reduced the
expression ofHSP70mRNAwhen cells were treated not only with
heat shock (HS) but also with sodium arsenite (As), a proline
analogue (L-azetidine-2-carboxylic acid, AzC), or a proteasome
inhibitor (MG132) (Fig. 2C). Furthermore, the induction of
HSP70 mRNA was also reduced in ATF1-null MEF cells, and the
overexpression of HA-tagged mouse ATF1 (HA-mATF1) or HA-
mCREM in ATF1-null cells, but not that of HA-mCREB, restored
the expression of HSP70 (Fig. 2D). Thus, ATF1 and CREM were
required for the induction of HSP70 expression in response to
various stresses inMEF cells.We analyzed the effects of the HSF1-
ATF1 interaction on the expression of HSP70 in more detail and
found that replacement with hHSF1-L25A or hHSF1-L25G but
not with hHSF1-L25V reduced the expression of HSP70 mRNA
during heat shock (Fig. 2E). Therefore, we concluded that the
HSF1-ATF1 complex promoted HSP70 expression during heat
shock.
The HSF1-ATF1 complex was required for the recruitment
of coactivator complexes. We examined the effects of ATF1 on
the in vitroDNA-binding activity of HSF1 by electrophoretic mo-
bility shift assay (EMSA) and found that the knockdown of ATF1
slightly increased HSF1 DNA-binding activity during heat shock
(see Fig. S2A in the supplemental material). The ATF1 antibody
did not supershift HSF1 activity, unlike the HSF1 antibody, even
when ATF1 was overexpressed (see Fig. S2B), suggesting that the
HSF1-ATF1 complex may not be stable enough to be detected by
EMSA. To reveal the mechanisms by which ATF1 promoted the
HSF1-mediated transcription of HSP70, we performed ChIP as-
says of the promoters of mouse HSP70.3 (also known as Hspa1a)
with primers for a site including pHSE or dHSE (Fig. 3A) (19).
ChIP-qPCR analysis with the ATF1/CREB antibody, which im-
munoprecipitated both ATF1 and CREB, showed that ATF1/
CREB was recruited to the HSEs during heat shock (Fig. 3B).
ATF1 was detected dominantly in the dHSE in heat-shockedMEF
cells (see Fig. S2C). HSF1 knockdown markedly reduced the oc-
cupancy of ATF1/CREB on the HSEs (Fig. 3B). HSF1 binding was
not affected by ATF1 knockdown (Fig. 3C). CREM was also re-
cruited to the dHSE during heat shock in a manner that was de-
pendent on HSF1 (see Fig. S2D). Furthermore, ATF1/CREB oc-
cupancy on the dHSE during heat shock was markedly reduced in
cells in which endogenous HSF1 was replaced with hHSF1-L25A
or hHSF1-L25G (Fig. 3D). These results demonstrated that HSF1
recruited ATF1 on the HSP70 promoter.
Transcription factor binding to its regulatory elements gener-
ally recruits coactivator complexes including chromatin-modify-
ing enzymes and chromatin-remodeling complexes (28, 29), and
HSF1 was previously shown to recruit BRG1, a component of
chromatin-remodeling complexes (21), and the lysine acetyl-
transferase p300 (KAT3B) (22). The necessity of the former for
HSP70 expression during heat shock has been reported in mam-
malian cells (30). Therefore, we investigated the recruitment of
coactivator complexes and found that BRG1 and p300 (KAT3B)
were robustly recruited to the dHSE in theHSP70 promoter dur-
ing heat shock for 30 min, whereas the recruitment of CBP
(KAT3A) peaked 5 min after heat shock and then rapidly de-
creased (Fig. 3E). ATF1 knockdown significantly reduced the re-
cruitment of all of these components. Furthermore, the recruit-
ment of BRG1 and p300 on the dHSE during heat shock was
reduced by the replacement of endogenous HSF1 with hHSF1-
L25A or hHSF1-L25G (Fig. 3F). Thus, the HSF1-ATF1 complex
was necessary for the maximal recruitment of coactivators during
heat shock.
HSF1 transcription complex formation depended on ATF1
phosphorylation.Aprevious study reported that ATF1was phos-
phorylated at Ser63 by cyclic AMP (cAMP)-dependent protein
kinase (PKA), similar to CREB and CREM, and phosphorylated
ATF1-Ser63 recruited p300/CBP (23). We investigated this mod-
ification and found that ATF1 was markedly phosphorylated at
Ser63 inMEF cells in response to stresses including heat shock and
proteasome inhibition, while CREB at Ser133 wasmodestly phos-
phorylated (Fig. 4A; see Fig. S3A and B in the supplemental ma-
terial). The phosphorylated levels of ATF1 during heat shock were
low in other cell lines, such as HeLa and 293, whereas those of
CREB were high. Pulldown assay revealed that both ATF1 and
p300 expressed in control cells were coprecipitated with GST-
hHSF1 (Fig. 4B). The coprecipitation of p300 with GST-hHSF1
was markedly greater in heat-shocked cells than in control cells,
whereasATF1 in heat-shocked cells was coprecipitated at the same
(bottom). (D) Reductions in HSF1 DNA-binding activity during recovery were delayed in cells expressing mutant mATF1 proteins. Cells were infected with
Ad-sh-mATF1-KD2 or Ad-sh-SCR and then infected with adenovirus expressing HA-mATF1, HA-mATF1-S63A, or GFP. These cells were heat shocked, and an
EMSA was performed as described for panel C (top). HSF1 binding in extracts from control cells (Cont.) and cells allowed to recover for 4 h was quantified by
using NIH Image (n 3) (bottom). The level of HSF1 binding in Ad-sh-SCR-infected cells that recovered from heat shock was defined as 1, and relative levels
are shown. (E) Sustained binding of HSF1 in vivo to the HSP70 promoter during recovery in cells expressing mutant mATF1 proteins. Cells were treated as
described for panel D. ChIP-qPCR analyses were performed with HSF1 antibody (n  3). (F) ATF1 promoted the acetylation of HSF1. The vector pcDNA4/
HisMax (No), an expression vector for HA-mATF1 (HA-mATF1) or HA-mATF1-S63A (S63A), and those for hHSF1-Flag and p300 were transfected into
HEK293 cells. Lysates were prepared from these cells, which were treated without (C) or with heat shock (HS) at 42°C for 1 h. hHSF1-Flag was immunopre-
cipitated with anti-Flag antibody and blotted with anti-acetylated-lysine antibody (anti-AcK) or anti-Flag antibody. Cell extracts were also subjected toWestern
blotting with anti-ATF1 antibody (anti-mATF1-1).
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level. Furthermore, phosphorylatedATF1-Ser63wasmarkedly re-
cruited on the HSP70 promoter during heat shock (Fig. 4C).
We searched for the region of ATF1 that is required for its
interaction with HSF1 and found that HA-mATF1 lacking a ki-
nase-inducible domain (KID) (HA-mATF1KID) did not inter-
act with HSF1 in HEK293 cells (see Fig. S3C in the supplemental
material). The N-terminal region (amino acids 36 to 42) in the
KID was required for this interaction (Kmu1), whereas the C-ter-
minal region (amino acids 63 to 74) including Ser63 was not
(Kmu4) (see Fig. S3D). The former contained Ser36 and Ser41,
which were constitutively phosphorylated by casein kinases 1 and
2 (31). Their replacement with alanine (HA-mATF1-S36/41A)
abolished the interaction with HSF1 (see Fig. S3D and E), indicat-
ing that the constitutive phosphorylation of ATF1 at Ser36 and
Ser41 was required for its interaction with HSF1.
We next examined the HSF1 transcription complex in vivo in
the presence of these mutant ATF1 proteins. Endogenous ATF1
was replaced with ectopically expressed HA-mATF1 or each mu-
tant protein inMEF cells (Fig. 4D). ChIP-qPCR showed that HA-
mATF1-S36/41A did not occupy the dHSE in the HSP70 pro-
moter during heat shock and also did not recruit BRG1 or p300 at
maximal levels (Fig. 4E and F). In contrast, HA-mATF1-S63A
occupied the dHSE during heat shock and recruited BRG1, al-
though it did not recruit p300. BRG1 and p300 were still recruited
on theHSP70 promoter at low levels even in the presence of these
mutant ATF1 proteins.HA-KATF1,which did not directly bind to
DNA (32), occupied the dHSE during heat shock and recruited
BRG1 and p300, which excluded the possibility that ATF1 directly
bound to DNA. These results demonstrated that the formation of
the HSF1 transcription complex depended partly on the phos-
phorylation of ATF1 at Ser36/41 and Ser63.
ATF1-BRG1 facilitated the establishment of an active chro-
matin state during heat shock. The heat shock-induced expres-
sion of HSP70 mRNA in ATF1 knockdown cells was restored by
the overexpression ofHA-mATF1-S63A, as well as HA-mATF1 or
HA-KATF1, but not by the overexpression of HA-mATF1-S36/
41A (Fig. 5A). Therefore, we knocked down coactivators and
found that BRG1 knockdown reduced the induction of HSP70
mRNA, whereas the knockdown of p300, CBP, or both did not
affect HSP70 expression during heat shock at 42°C until 30 min
(Fig. 5B). As a control, we observed a significant reduction in the
forskolin-mediated induction of AREG mRNA in p300 and CBP
knockdown cells (see Fig. S4A in the supplemental material) (33).
Since p300/CBP can acetylate histones (10), we examined ac-
tive chromatin marks. Heat shock reduced the occupancy of his-
tone H3 on the HSP70 promoter and elevated active chromatin
marks such as the acetylation of H3K27 and H3K9 (see Fig. S4B).
BRG1 knockdown impaired the heat shock-induced reduction in
histone H3 occupancy and elevation in the active chromatin
marks. However, the knockdown of p300 or CBP did not affect
these chromatin marks. When endogenous HSF1 was replaced
with hHSF1-L25A or hHSF1-L25G or endogenous ATF1 was re-
placed with HA-mATF1-S36/41A, the heat shock-induced reduc-
tion in the histone H3 occupancy and elevation in active chroma-
tin marks were impaired (Fig. 5C and D). The replacement of
endogenous ATF1 with HA-mATF1-S63A again had no effect on
chromatin marks during heat shock (Fig. 5D). Taking these find-
ings together, we concluded that HSF1-ATF1 complex-mediated
recruitment of BRG1 but not p300/CBP promoted the establish-
ment of the active chromatin state of theHSP70 promoter during
heat shock.
ATF1-p300/CBP accelerated the shutdown of HSF1 DNA-
binding activity during recovery from acute stress. To elucidate
the roles of the stress-inducible recruitment of p300 and CBP in
the HSF1 transcription complex, we examined the profiles of
HSP70 mRNA expression during recovery from acute stress. Al-
thoughHSP70mRNA levels weremarkedly lower in ATF1 knock-
down MEF cells than in scrambled-RNA-expressing cells during
heat shock at 42°C for 30 min (Fig. 6A, inset), they were higher in
ATF1 knockdown cells, as well as in CREB or CREM knockdown
cells, 3 h after heat-shocked cells had recovered at 37°C (Fig. 6A;
see Fig. S5A in the supplemental material). Furthermore, HSP70
mRNA levels were markedly higher in p300 or CBP knockdown
cells during recovery (Fig. 6B). Thus, ATF1, p300, and CBP pro-
moted the shutdown of HSP70 expression during recovery from
acute stress.
We next investigated whether the recruited p300 and CBP reg-
ulated the DNA-binding activity of HSF1 because the acetylation
of HSF1 has been shown to impair its DNA-binding activity (34).
The in vitro DNA-binding activity of HSF1 during recovery at
37°C continued to be markedly higher in whole-cell extracts from
ATF1 knockdown cells or p300 or CBP knockdown cells than in
those from scrambled-RNA-expressing cells (Fig. 6C; see Fig.
S5B). Furthermore, the replacement of endogenous ATF1 with
HA-mATF1-S63A elevated its DNA-binding activity at 4 h during
recovery (Fig. 6D). HSF1 binding to the HSP70 promoter in vivo
continued to be higher in cells expressing HA-mATF1-S63A (Fig.
6E). We examined the acetylation status of ectopically expressed
hHSF1-Flag and showed that HSF1 was acetylated more in heat-
shocked HEK293 cells overexpressing HA-mATF1 than in those
overexpressing none, whereas it was acetylated less in those over-
expressing HA-mATF1-S63A (Fig. 6F). The acetylation of endog-
enousHSF1was not detected. These results demonstrated that the
ATF1-mediated recruitment of p300/CBP accelerated the shut-
FIG 7 ATF1 occupied the promoters of many HSF1 targets during heat shock and modulated their expression. (A) Venn diagram of HSF1 ChIP-seq binding
peaks in control (HSF1-C) and heat-shocked (HSF1-HS) MEF cells. Numbers of binding peaks are indicated. (B) Venn diagram of ChIP-seq binding peaks for
HSF1, ATF1, and p300/CBP in heat-shocked cells. (C)MAplots of ChIP-seq binding intensities forHSF1, ATF1, p300, andCBP in control (R1) and heat-shocked
cells (R2) at the common binding peaks for HSF1-HS/ATF1-HS/p300-HS (775 peaks) or HSF1-HS/ATF1-HS/CBP-HS (664 peaks). TheM and A values of each
peak were calculated and plotted, whereM log2(R1/R2) andA log2(R1R2)/2. Numbers of red dots whose ratios (M) increased during heat shock (log10P
 1) are indicated. (D) ChIP-seq binding profiles of HSF1, ATF1, p300, and CBP at the Bag3 locus in control (C) and heat-shocked (HS) cells. Normalized read
numbers are shown. Significantly enriched regions identified as peaks are in red. The arrow indicates the 5=-to-3= orientation of each gene. (E) Recruitment of
the HSF1-ATF1 complex on the Bag3 promoters of target genes. MEF cells were left untreated (C) or heat shocked (HS) at 42°C for 30min. ChIP-qPCR analyses
of each promoter were performed with HSF1, ATF1 (
mATF1-1), BRG1, p300, or CBP antibody (n  3). (F) Expression of HSF1 target genes in ATF1
knockdown cells. MEF cells that were infected for 72 h with Ad-sh-mATF1-KD2, Ad-sh-mHSF1-KD2, or Ad-sh-SCR were heat shocked at 42°C for 30 min and
allowed to recover at 37°C for the times indicated. mRNA levels were quantified by RT-qPCR (n 3). (G) Expression of HSF1 target genes in p300 and CBP
knockdown cells. Cells infected for 72 h with Ad-sh-mp300-KD1, Ad-sh-mCBP-KD1, or Ad-sh-SCR were treated and analyzed as described for panel F.
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FIG 8 The HSF1-ATF1 complex modulated resistance to heat shock. (A) HSF1-ATF1 complex was required for cell survival. MEF cells were infected with
Ad-sh-mHSF1-KD2 or Ad-sh-SCR for 24 h and then infected with each adenoviral expression vector for 48 h. After the cells had been incubated at 45°C for 2 h,
the viable cells excluding trypan blue were counted (top) and a 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay was performed
(bottom) (n 3). (B) The HSF1-ATF1 complex elevated the accumulation of ubiquitylated (Ub) proteins. Cells treated as described for panel A were infected
with Ad-HA-Ub for 2 h, maintained with normal medium at 37°C for 22 h, and then left untreated (Cont.) or heat shocked (HS) at 45°C for 2 h. Accumulation
of insoluble ubiquitylated proteins was examined byWestern immunoblotting (IB) with anti-HA antibody and quantified (n 3). -Actin levels in the soluble
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down of HSF1 DNA-binding activity during recovery, possibly
through the acetylation of HSF1.
ATF1 occupied the promoters of many HSF1 targets and
modulated their expression.We next examined the HSF1-ATF1
complex on the whole genome in MEF cells by performing ChIP-
seq analysis with antibodies, including anATF1-specific antibody.
As was reported previously with human cells (35, 36), a weak but
distinct HSF1-binding peak was observed in the HSP70.1
(HSPA1B) promoter, which was markedly increased during heat
shock (see Fig. S6C in the supplemental material). We identified
316 HSF1 binding sites in control cells and 2,291 in heat-shocked
cells, 159 of which were detected under both conditions (Fig. 7A).
ATF1, p300, and CBP bound to 12,109, 11,965, and 5,389 sites,
respectively, in control cells. Heat shock induced large numbers of
new binding sites for p300 and CBP (50.0 and 66.4%, respec-
tively), whereas it induced a limited number of newATF1 binding
sites (20.3%) (see Fig. S6A). p300 and CBP bound considerably to
the same sites (86.8%) in heat-shocked cells (see Fig. S6B). A com-
parison of these binding sites showed that 775 sites (34.0%) of the
heat-inducible 2,132 HSF1 binding sites (HSF1-HS) were occu-
pied by ATF1 and p300, while 664 sites (29.0%) were cooccupied
by ATF1 and CBP (Fig. 7B). Thus, the genome-wide analysis re-
vealed the prominent cooccupancy of HSF1 with ATF1 on targets
during heat shock.
To quantify the intensities of peaks, we generated MA plots of
control and heat-shocked binding intensities at the common
HSF1-ATF1-p300/CBP binding sites. The binding intensities of
HSF1, p300, and CBP at most binding sites were markedly ele-
vated during heat shock, whereas that of ATF1 was moderately
increased at 285 and 232 sites (Fig. 7C, red). We found some gene
loci near these heat-inducible ATF1 binding sites, such as Bag3,
Dnajb1 (HSP40), Naa30, and Slc5a3 loci (Fig. 7D and E; see Fig.
S6C). HSF1, ATF1, p300, and CBP cooccupied these promoters
under heat shock conditions. ATF1 peaks (in red) were detected
only in heat-shocked cells (Naa30 and Slc5a3) or in both control
and heat-shocked cells (Bag3 and Dnajb1). They were also de-
tected at the Hspa1a/Hspa1b (HSP70) locus in both control and
heat-shocked cells but were hardly increased during heat shock
(see Fig. S6C). Although elevations in ATF1 binding intensities
during heat shock at these gene loci were generally low in ChIP-
seq data, we confirmedbyusingChIP-qPCR thatATF1occupancy
moderately increased during heat shock at the promoters of these
HSF1 targets in a manner that was dependent on HSF1 (see Fig.
S6D and E). Furthermore, the recruitment of BRG1, p300, or CBP
required ATF1 at different levels in these promoters (see Fig. S6F).
We also examined the expression of the HSF1 targets when
cells were heat shocked at 42°C for 30 min and then recovered at
37°C for 8 h. ATF1 knockdown delayed the shutdown of Bag3
expression, as well as that of HSP70, whereas it markedly sup-
pressed the expression ofHSP40,Naa30, and Slc5a3, and this may
be due in part to the insufficient recruitment of BRG1 (Fig. 7F).
Furthermore, the knockdown of p300 or CBP delayed the shut-
down of all expression, except for that of Slc5a3. These results
indicated that ATF1modulated the expression of many HSF1 tar-
gets during heat shock or recovery.
ATF1modulated resistance toheat shock.The altered expres-
sion of HSF1 target genes, including HSP and non-HSP genes,
may be associatedwith changes in the proteostasis capacity of cells
(20). We showed that cell survival was markedly reduced by the
knockdown of HSF1 during extreme heat shock at 45°C and was
also moderately reduced by that of ATF1 or BRG1 (see Fig. S7A in
the supplemental material). In contrast, the knockdown of p300
or CBP did not affect cell survival of a single exposure to heat
shock (see Fig. S7B). The replacement of endogenous HSF1 with
hHSF1-L25A or hHSF1-L25G or of endogenous ATF1 with HA-
mATF1-S36/41A consistently resulted in decreased cell survival,
whereas the replacement of endogenous ATF1 with HA-mATF1-
S63A did not affect survival (Fig. 8A; see Fig. S7C). Furthermore,
reductions in cell survival were associated with the elevated accu-
mulation of ubiquitylatedmisfolded proteins within the cells (Fig.
8B; see Fig. S7D), which suggested that proteostasis capacity may
be impaired. We next examined cell survival during the recovery
phase by using a colony formation assay. Since cell proliferation
wasmarkedly reduced inMEF cells lacking p300 andCBP (37), we
examined the survival of cells in which endogenous ATF1 was
replaced with HA-mATF1-S63A.We found that cell survival after
a second extreme heat shock at 45.5°C, during recovery at 37°C
from the first moderate heat shock (42°C, 30 min), was increased
in the presence of HA-mATF1-S63A (Fig. 8C). These results
showed that ATF1 modulated resistance to heat shock, possibly
through the regulation of proteostasis capacity.
DISCUSSION
The rapid induction of gene expression is initially achieved by the
binding of transcriptional activators to specific DNA sequences in
response to stimuli and is then followed by the recruitment of
coactivator complexes including chromatin-modifying enzymes
and nucleosome-remodeling complexes. These early steps in the
transcription cycle are known as activator-dependent recruitment
and are the most important for inducible gene expression (10).
These steps result in the formation of preinitiation complexes in-
cluding Pol II and the release of paused Pol II into productive
elongation (12). Previous studies demonstrated that the binding
of an active HSF1 trimer during heat shock was markedly in-
creased on theHSP70 promoter and recruited p300 and the SWI/
SNF complex including BRG1 inmammalian cells (21, 22). In this
study, we showed that ATF1 interactedwith theN-terminalDNA-
binding domain of HSF1 (see Fig. S1A in the supplemental mate-
rial), partly through an evolutionally conserved leucine at amino
acid 25, located in the winged HTHmotif (Fig. 1B). This interac-
fraction are also shown. Ad, adenovirus. (C) Impaired recruitment of p300 or CBP resulted in increased cell survival of the second heat shock during recovery
from the first. Cells were infectedwith Ad-sh-mATF1-KD2 or Ad-sh-SCR for 24 h and then infectedwith Ad-GFP, Ad-HA-mATF1, or Ad-HA-mATF1-S63A for
48 h. Cells were heat shocked at 42°C for 30min and allowed to recover at 37°C for 4 h. These cells (left) and cells incubated for a further 1 h at 45.5°C (right) were
inoculated into new dishes, and the colonies (20 cells) were counted on day 7. The colony number against the total number of inoculated cells is shown as the
surviving fraction (n 3). (D) Schematic model showing the formation of the HSF1-ATF1 transcription complex, which affects chromatin structures andHSF1
DNA-binding activities. HSF1 recruits ATF1, which accelerates the recruitment of p300, CBP, and the BRG1-containing chromatin remodeling complex. BRG1
facilitates the establishment of an active chromatin state in HSF1 target genes, whereas p300 and CBP inactivate HSF1 DNA-binding activity. Purple and yellow
circles indicate phosphorylated Ser36/41 and Ser63 in ATF1, which are required for the interaction withHSF1 and p300/CBP, respectively. CREB and CREM are
also recruited by HSF1.
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tion facilitated the HSF1-mediated recruitment of SWI/SNF on
the HSP70 promoter during heat shock (Fig. 3), promoted the
establishment of an active chromatin state, and supported the
optimal induction of HSP70 expression during heat shock (Fig. 2
and 5,model in Fig. 8D). TheHSF1-ATF1 complex not onlymod-
ulated the expression of HSP70 but also the products of many
HSF1 target genes. Although the induction of some targets, in-
cluding HSP70, was reduced moderately in the absence of ATF1,
that of others, such asHSP40, was highly dependent onATF1 (Fig.
7). These results may explain why ATF1 markedly contributed to
resistance to detrimentally high temperatures in mammalian cells
(Fig. 8A and B).
ATF1 was also involved in the HSF1-mediated recruitment of
the chromatin-modifying enzymes p300 and CBP on the HSP70
promoter during heat shock (Fig. 3). These KATs were shown to
be enriched in active genes and were correlated with gene expres-
sion in the whole genome (38). Furthermore, previous studies
suggested that p300 may promote heat-inducible HSP70 expres-
sion in Xenopus oocytes and mammalian cells (22, 39). As shown
in Fig. 8D, we demonstrated that the recruitment of p300 on the
HSP70 promoter depended on the phosphorylation of ATF1 at
Ser63, which was markedly induced during heat shock (Fig. 4A).
However, neither p300 nor CBP affected active histone marks,
including histone acetylation on the HSP70 promoter or altered
HSP70 expression during heat shock (Fig. 5). Instead, p300 and its
Drosophila homolog have been suggested to inactivate HSF1
through its acetylation (34, 40, 41). We showed that ATF1 could
promote the acetylation of HSF1 and accelerated the shutdown of
its DNA-binding activity during recovery (Fig. 6). Shutdown dur-
ing the recovery period was delayed, even in the presence of p300
andCBP,when endogenousATF1was replacedwithHA-mATF1-
S63A. This result excluded the possibility that the delayed shut-
down of HSF1 DNA-binding activity was due to the HSF1-inde-
pendent roles of p300 and CBP. Although the recruitment of
p300/CBP during heat shock was reduced only modestly in the
HSP70 promoter in the absence of ATF1, ATF1 bound to at least
one-third ofHSF1-binding sites and accelerated their recruitment
to most sites at different levels (Fig. 7; see Fig. S6F). Furthermore,
ATF1 facilitated the interaction of HSF1 and p300 in the absence
of DNA (Fig. 4B). As a result, ATF1-p300/CBP could have pro-
found effects on the inactivation of the DNA-binding activity of
intracellular HSF1 during recovery, possibly through the acetyla-
tion of HSF1 (Fig. 6).
HSF1 recruited not only ATF1 but also CREB and CREM on
the HSP70 promoter. While CREM promoted HSP70 expression
during heat shock and its shutdown during recovery, similar to
ATF1, CREB only accelerated the latter in MEF cells (Fig. 2C; see
Fig. S5A). Although the specificity of each ATF1/CREB member
for the recruitment of BRG1 and p300/CBP was unclear, all three
members modulated the expression of the HSF1 target genes.
ATF1/CREB members were previously shown to be activated in
response to metabolic signals such as cAMP elevation and played
roles in metabolic homeostasis by regulating the expression of
genes involved in glucose and lipid metabolism and in mitochon-
drial function (23). Our results showed that the HSF1 transcrip-
tion complex was regulated through the phosphorylation status
(Ser36/41 and Ser63 in ATF1) and expression levels of ATF1 (Fig.
3 and 4). The former was controlled by various protein kinases,
including PKA (23). The latter was also altered in response to
stimuli including changes in metabolic homeostasis (42). Previ-
ous studies reported that loss of CREMandCREB functions led to
neurodegeneration inmice (43), while amutation in theDrosoph-
ila homolog of CREB increased the lethality of polyglutamine tox-
icity (44); however, mice lacking ATF1 showed no overt pheno-
type (45). These phenotypesmay be caused in part by the impaired
regulation of HSF1 target gene expression. Our results suggested
that various stimuli, including metabolic signals, modulated pro-
teostasis capacity through the regulation of ATF1/CREB mem-
bers, and therefore, these signals and factors may be potential
therapeutic targets for ameliorating age-related protein-misfold-
ing diseases.
The heat shock response is a universal mechanism of adapta-
tion to proteotoxic stress, including heat shock, that is evolution-
ally conserved in living organisms (2). As amaster regulator of this
response in all eukaryotes, HSF should be one of the ancient fac-
tors that regulate primitive response mechanisms (6, 17). There-
fore, it was surprising that stress-inducible formation of the HSF1
transcription complex and induction of heat shock gene expres-
sion required other transcription factors, the ATF1/CREB mem-
bers, involved in metabolic homeostasis. Our results provided a
mechanism that regulated stress-inducible HSF1 transcription
complex formation and tightly connected proteostasis capacity
andmetabolic homeostasis and suggest that the complexity of the
primitive heat shock response mechanism in cells may have been
increased as an adaptation tometabolic changes during evolution.
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